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Abstract 
In this research work two different materials have been used as work pieces. These EN8 and D3 steel materials have been 
machined in an Electrical discharge machine which has wide application in Industry fields. The important process parameters 
that have been selected are peak current, pulse on time, die electric pressure and tool diameter. The outputs responses are material 
removal rate (MRR), tool wear rate (TWR) and surface roughness (SR). The Cast Copper and Sintered Powder Metallurgy 
Copper (P/M Copper) have been considered as tool electrodes to machine the fore said work pieces. Response surface 
methodology(RSM) has been used to analyze the parameters and analysis of variance (ANOVA) has been applied to identify the 
significant process parameters. The influences of interaction of parameters have also been studied. Scanned electron 
microscope(SEM) images have been taken after machining on the work pieces for both electrodes to study the structure property 
correlation. The input parameters were optimized in order to obtain maximum MRR, minimum TWR and minimum SR. 
 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the Gokaraju Rangaraju Institute of Engineering and Technology (GRIET). 
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1. Introduction 
EDM has wide application in automotives and aerospace industries Amorim et al. (2004) describes the three 
process occurred in electrical discharge machining. This process consists of three phases. Initially ignition breaks 
down the high voltage to low around 30 V. Peak current increases the high energy and remove the material from the 
work piece. Finally plasma channel collapses and the removed particles are flushed away by flushing. Components 
produced in EDM process are having exactly replica of the electrode shape. Complex shaped products are 
© 2014 Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Selection and peer review under responsibility of the Gokaraju Rangaraju Institute of Engineering and Technology (GRIET)
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manufactured in this process which cannot be produced by conventional method. Manish Viswakarma et al. (2012) 
states the need of electrical discharge machining while study of performance of EDM. The work piece and tool 
electrode have no contact with each other. Both are immersed in oil which act as coolant for the region. EDM oil 
should have high flash point since the temperature developed is around 20,000 0C. Lalith kumar et al. (2012) 
conducts the machining process using EDM oil which has high flash point. 
 
The Dielectric fluid flushes away the removed material. Navdeep malhotra et al.(2012)conclude that side flushing 
is one of the best method during machining in EDM. Among the electrical and non electrical input parameters four 
factors have been chosen. These are peak current [A], pulse on time [B], dielectric pressure [c] and tool diameter 
[D]. Three levels have been selected in this experiment. 
 
2. EXPERIMENTAL DETAILS 
2.1 Procedure 
EN8 and D3 steel have been prepared to the size of 60×80×10 mm and top surfaces were fine finished. Both 
materials have been machined by Cast Copper electrode according to the design matrix and output responses have 
been found out. The EN8 and D3 steels are again machined by using Sintered Powder metallurgy Copper electrode. 
The Copper powder was compacted in a die cavity by applying 22 Tons load to get cylindrical shape of 15mm 
diameter. After compacting, green compacts were subjected to sintering after applying the ceramic coating so as to 
avoid oxidation and dried for 12 hours. Furthermore sintering was carried out on green compacts to 900 0C for 60 
min and allowed to cool slowly in the furnace. These sintered electrodes were taken from the furnace, cleaned by 
acetone and used for machining the EN8 and D3 steel work pieces. The output responses are calculated again 
according to the design matrix. Grace – EDM machine has been used to machine the work piece. Table 1 furnishes 
the various factor and their levels  
Table 1.  Different the factor and level 
 
S.No Input Parameters Level Unit 
  -1 0 +1  
1 
2 
3 
4 
A. Peak current 
B. Pulse on time 
C. Di-electric pressure 
D. Tool Diameter 
9 
100 
0.8 
10 
21 
500 
1.2 
12 
34 
1000 
1.6 
15 
Amp 
microsec 
Kg/cm2 
mm 
 
Experiment on the EDM was conducted as per the design matrix. The design matrix details for various 
conditions are furnished in Table (2 -5). 
 
Design of Experiment (DOE) is mainly adopted to minimise the number of experiments and also to achieve 
optimum condition. Samex.S.Habib et al. (2009) implement design of experiment to study the input parameter in 
EDM . Response Surface Methodology (RSM) is a statistical technique for modeling and it optimizes the output 
response variables. Rajesh et al.(2012) applied response surface methodology for optimize the parameters. Box-
Behnken method has been used to analyze the input parameters. Quadratic model is suggested for modeling the 
output responses. AKM Asif iqbal et al. (2010) selected the quadratic model for modeling and analyzes the 
parameters in EDM.  
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Table 2. Design matrix table on EN8- Cast Copper electrode 
S
t
d 
R
u
n 
Peak 
current 
(amps) 
Pulse on time 
(micro sec) 
Di electric 
pressure 
(kg/sq.cm) 
Tool 
diameter 
(mm) 
MRR 
(mm³/min) 
TWR 
(mm³/
min) 
S.R 
(Micro 
meter) 
1 22 9 100 1.2 12 8.974
6 
17.8316 2.74 
2 24 34 100 1.2 12 58.46
03 
29.7542 4.23 
3 12 9 1000 1.2 12 10.25
76 
10.4234 3.49 
4 9 34 1000 1.2 12 53.59 14.7858 3.43 
5 7 21 500 0.8 10 18.97
43 
11.8968 2.03 
6 21 21 500 1.6 10 33.58
93 
15.1475 3.9 
7 2 21 500 0.8 15 61.53
76 
20.1404 3.53 
8 10 21 500 1.6 15 89.74
2 
16.387 3.79 
9 18 9 500 1.2 10 19.48
83 
11.3532 3.38 
1
0 
11 34 500 1.2 10 37.17
83 
16.1268 3.54 
1
1 
28 9 500 1.2 15 21.02
43 
10.5536 2.13 
1
2 
1 34 500 1.2 15 107.4
34 
24.5417 4.45 
1
3 
15 21 100 0.8 12 41.79
33 
25.8046 2.8 
1
4 
27 21 1000 0.8 12 35.12
56 
13.2358 3.79 
1
5 
5 21 100 1.6 12 51.02
5 
23.7412 4.72 
1
6 
3 21 1000 1.6 12 43.07
53 
11.0696 3.7 
1
7 
16 9 500 0.8 12 21.28
1 
12.6957 3.57 
1
8 
20 34 500 0.8 12 48.71
83 
19.0437 3.57 
1
9 
8 9 500 1.6 12 22.81
96 
11.0428 3.95 
2
0 
6 34 500 1.6 12 59.26
86 
15.9468 5.83 
2
1 
29 21 100 1.2 10 30 23.9714 2.73 
2
2 
26 21 1000 1.2 10 14.10
1 
13.2105 2.46 
2
3 
19 21 100 1.2 15 76.15
36 
33.8946 2.48 
2
4 
13 21 1000 1.2 15 73.33
26 
12.4106 3.44 
2
5 
4 21 500 1.2 12 58.20
4 
13.4946 2.77 
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2
6 
23 21 500 1.2 12 46.15
23 
17.7555 3.35 
2
7 
25 21 500 1.2 12 38.38
23 
16.4636 2.33 
2
8 
17 21 500 1.2 12 32.30
7 
16.3335 2.9 
2
9 
14 21 500 1.2 12 33.07
46 
13.8571 2.33 
 
Table 3. Design matrix table on EN8-Sintered Copper electrode 
Std Run Peak 
current 
(amps) 
Pulse on 
time 
(micro 
sec) 
Di electric 
pressure 
(kg/sq.cm) 
Tool 
diameter 
(mm) 
MRR 
 
(mm³/min) 
TWR 
 
(mm³/min) 
S.R 
 
(micrometer) 
1 22 9 100 1.2 12 8.9746 17.8316 2.74 
2 24 34 100 1.2 12 58.4603 29.7542 4.23 
3 12 9 1000 1.2 12 10.2576 10.4234 3.49 
4 9 34 1000 1.2 12 53.59 14.7858 3.43 
5 7 21 500 0.8 10 18.9743 11.8968 2.03 
6 21 21 500 1.6 10 33.5893 15.1475 3.9 
7 2 21 500 0.8 15 61.5376 20.1404 3.53 
8 10 21 500 1.6 15 89.742 16.387 3.79 
9 18 9 500 1.2 10 19.4883 11.3532 3.38 
10 11 34 500 1.2 10 37.1783 16.1268 3.54 
11 28 9 500 1.2 15 21.0243 10.5536 2.13 
12 1 34 500 1.2 15 107.434 24.5417 4.45 
13 15 21 100 0.8 12 41.7933 25.8046 2.8 
14 27 21 1000 0.8 12 35.1256 13.2358 3.79 
15 5 21 100 1.6 12 51.025 23.7412 4.72 
16 3 21 1000 1.6 12 43.0753 11.0696 3.7 
17 16 9 500 0.8 12 21.281 12.6957 3.57 
18 20 34 500 0.8 12 48.7183 19.0437 3.57 
19 8 9 500 1.6 12 22.8196 11.0428 3.95 
20 6 34 500 1.6 12 59.2686 15.9468 5.83 
21 29 21 100 1.2 10 30 23.9714 2.73 
22 26 21 1000 1.2 10 14.101 13.2105 2.46 
23 19 21 100 1.2 15 76.1536 33.8946 2.48 
24 13 21 1000 1.2 15 73.3326 12.4106 3.44 
25 4 21 500 1.2 12 58.204 13.4946 2.77 
26 23 21 500 1.2 12 46.1523 17.7555 3.35 
27 25 21 500 1.2 12 38.3823 16.4636 2.33 
28 17 21 500 1.2 12 32.307 16.3335 2.9 
29 14 21 500 1.2 12 33.0746 13.8571 2.33 
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Table 4. Design matrix table on D3- Cast Copper electrode 
Std Run Peak 
current 
(amps) 
Pulse on time 
(micro sec) 
Di electric 
pressure 
(kg/sq.cm) 
Tool 
diameter 
(mm) 
MRR 
 
(mm³/min) 
TWR 
 
(mm³/min) 
S.R 
 
(micrometer) 
         
1 22 9 100 1.2 12 23.077 16.135 3.39 
2 24 34 100 1.2 12 94.872 15.543 2.35 
3 12 9 1000 1.2 12 10.897 5.955 3.36 
4 9 34 1000 1.2 12 61.538 16.135 3.8 
5 7 21 500 0.8 10 74.786 1.985 4.98 
6 21 21 500 1.6 10 79.487 2.322 4.16 
7 2 21 500 0.8 15 107.274 1.685 3.16 
8 10 21 500 1.6 15 117.521 1.798 4.89 
9 18 9 500 1.2 10 25.962 2.871 3.6 
10 11 34 500 1.2 10 70.513 3.596 4.12 
11 28 9 500 1.2 15 31.41 2.36 3.71 
12 1 34 500 1.2 15 140.385 4.157 2.82 
13 15 21 100 0.8 12 81.624 13.558 3.83 
14 27 21 1000 0.8 12 50.427 9.311 4.12 
15 5 21 100 1.6 12 90.171 20.037 3.9 
16 3 21 1000 1.6 12 56.41 1.273 4.14 
17 16 9 500 0.8 12 32.373 4.169 4.11 
18 20 34 500 0.8 12 100.855 4.757 3.83 
19 8 9 500 1.6 12 27.564 1.871 4.11 
20 6 34 500 1.6 12 102.991 4.157 4.43 
21 29 21 100 1.2 10 70.513 9.813 3.4 
22 26 21 1000 1.2 10 1.709 8.273 4.16 
23 19 21 100 1.2 15 95.726 20.659 2.6 
24 13 21 1000 1.2 15 92.308 1.049 3.53 
25 4 21 500 1.2 12 97.009 2.36 4.17 
26 23 21 500 1.2 12 94.017 3.22 4.04 
27 25 21 500 1.2 12 87.179 2.247 4.24 
28 17 21 500 1.2 12 101.282 5.993 4.38 
29 14 21 500 1.2 12 91.453 3.985 3.72 
 
 
1297 P. Balasubramanian and T. Senthilvelan /  Procedia Materials Science  6 ( 2014 )  1292 – 1302 
 
Table 5. Design matrix table on D3- Sintered Copper electrode 
 
Std 
Run Peak 
current 
(amps) 
Pulse 
on time 
(micro 
sec) 
Di electric 
pressure 
(kg/sq.cm) 
Tool 
diameter 
(mm) 
MRR 
 
(mm³/min) 
TWR 
 
(mm³/min) 
S.R 
 
(micrometer) 
         
1 22 9 100 1.2 12 20.3063 15.8948 2.8 
2 24 34 100 1.2 12 55.8963 23.5874 3.15 
3 12 9 1000 1.2 12 8.4603 10.4227 4.35 
4 9 34 1000 1.2 12 60.2296 14.308 3.43 
5 7 21 500 0.8 10 20 11.0428 3.32 
6 21 21 500 1.6 10 26.665 11.38 3.46 
7 2 21 500 0.8 15 38.7693 16.6955 4.3 
8 10 21 500 1.6 15 38.306 13.0299 3.9 
9 18 9 500 1.2 10 12.5633 10.4012 2.5 
10 11 34 500 1.2 10 33.8456 13.2117 2.49 
11 28 9 500 1.2 15 6.6643 10.4759 3.55 
12 1 34 500 1.2 15 75.127 21.3416 3.22 
13 15 21 100 0.8 12 33.64 20.7999 3.6 
14 27 21 1000 0.8 12 34.3573 11.9722 4.92 
15 5 21 100 1.6 12 35.0506 20.1794 3.32 
16 3 21 1000 1.6 12 28.409 12.3091 4.76 
17 16 9 500 0.8 12 14.103 10.7079 3.42 
18 20 34 500 0.8 12 46.9233 15.5601 4.29 
19 8 9 500 1.6 12 9.486 10.6048 3.92 
20 6 34 500 1.6 12 55.896 15.9732 2.76 
21 29 21 100 1.2 10 33.845 17.7532 2.52 
22 26 21 1000 1.2 10 30.8713 11.4313 4 
23 19 21 100 1.2 15 29.7436 28.1798 3.39 
24 13 21 1000 1.2 15 40.075 11.7403 4.12 
25 4 21 500 1.2 12 51.2813 14.7344 3.15 
26 23 21 500 1.2 12 56.2813 13.0302 4.21 
27 25 21 500 1.2 12 51.2813 14.7344 3.73 
28 17 21 500 1.2 12 40.256 11.6377 3.51 
29 14 21 500 1.2 12 51.2813 12.0756 3.52 
 
3. Result and Discussion 
3.1 Significant Parameter 
The significant parameters have been identified for EN8 machined by Cast Copper electrode. Peak current, 
pulses on time and tool diameter are significant for MRR and TWR. For SR peak current and pulse on time are 
significant. The significant parameters for EN8 machined by Sintered Copper electrode are as follows. Peak current, 
tool diameter and dielectric pressure are significant for MRR. Peak current, pulse on time, tool diameter and 
dielectric pressure are significant for TWR. Similarly, peak current and dielectric pressures are significant for SR. 
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The significant parameter for die steel machined by Cast Copper electrodes as follows. Peak current, pulses on time 
and tool diameter are significant for MRR. Peak current and Pulse on time are significant for TWR. For SR, pulse 
on time, dielectric pressure and  tool diameter are significant. D3 steel machined by Sintered Copper electrode 
having significant factors as follows. peak current and tool diameter are significant for MRR.  Peak current, pulses 
on time and tool diameter are significant for TWR. For SR, pulses on time and dielectric pressure are significant. 
3.2 Co-efficient of determinant 
The R2 value is above 0.90 for both work pieces. The Adjusted R2 is the modified R2 which is used for the terms 
in the model. Cheke et al. (2012) evaluate the R2 and adj2 value while compare the wet and dry EDM process for 
machining the steel material. AdjR2 is reasonably agreement with R2 for both electrodes. The R2 values are tabulated 
in the Table-6 
Table 6. Co-efficient of the determinant 
3.3 Influence of input parameter on response for EN8 steel 
The influenced parameters are identified for Cast Copper electrode. While increasing the peak current, the MRR 
and TWR are increased. Increase of pulse on time increase the SR value. MRR value is  increased whenever 
dielectric pressure increases to 1.6 kg / cm2 keeping peak current and pulse on time at middle Value. The influenced 
parameter are identified for Sintered Copper electrode. MRR and TWR are increased whenever the peak current is 
increased. At 15 mm diameter  keeping  peak  current  and  Pulse on time at middle  and increase the dielectric  
pressure to1.6 kg cm2 SR value is reduced. At low value of peak current TWR is low. At 15mm diameter electrode 
the MRR and TWR are increased. 
3.4 Influence of input parameter on response for D3 steel  
The influenced parameters are identified for Cast Copper electrode. Whenever peak current increases MRR and 
TWR are increased. Increase of Tool diameter to maximum by keeping 21 amps, 500 μs and 1.6 kg cm2 MRR 
increases, SR value is minimum at 12mm diameter electrode. If pulse on time increases, the SR value also increases. 
The influenced parameters are identified for Sintered Copper electrode.  MRR and TWR are increased, when peak 
current is increased. SR value increases if pulse on time increases. Tool diameter also influences on MRR, TWR and 
SR value. Increase of tool diameter results in increase of MRR, TWR and SR value. The dielectric pressure has little 
effect on MRR. Increase of dielectric pressure, increase the MRR and reduces the TWR and SR value.  
 
S
. 
Output  EN-8 DIESTEEL(D3) 
N
o 
Responses Cast  Sintered Cast     Sintered 
  R2 Adj 
R2 
PreR2 R2 Adj 
R2 
PreR2 R2 Adj 
R2 
PreR2 R2 Adj 
R2 
Pr
eR
2 
1 
 
2 
 
3 
MRR 
 
TWR 
 
SR 
 
0.96 
 
0.94 
 
0.90 
 
0.93 
 
0.88 
 
0.81 
 
 
0.82 
 
0.74 
 
0.75 
0.93 
 
0.96 
 
0.93 
0.87 
 
0.92 
 
0.86 
0.79 
 
0.85 
 
0.78 
0.97 
 
0.95 
 
0.94 
0.95 
 
0.90 
 
0.88 
0.85 
 
0.76 
 
0.78 
0.96 
 
0.96 
 
0.93 
0.92 
 
0.93 
 
0.85 
0.84 
 
0.85 
 
0.79 
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3.5 Influences of Parameters interaction 
Fig. 1-12 reveals the surface plot on output responses vs. input parameters. Fig.1-3 shows the parameter 
interaction on EN 8 using Cast copper electrode.  Whenever peak current and dielectric pressure increased the MRR 
value increased. When peak current and tool diameter increase to maximum, the TWR is increased. The SR value is 
low when pulse on time is low with higher dielectric pressure. Fig 4-6 shows the parameter interaction on EN 8 
using Sintered Copper electrode. MRR and TWR have been increased, if peak current and tool diameter increases. 
At lower pulse on time and higher tool diameter, TWR has been increased. The SR value is minimum if the value of 
peak current and pulse on time at lower level. At middle level of peak current and dielectric pressure, the SR value 
is minimum. 
Fig 7-9 shows the parameter interaction using Cast Copper electrode. Increase of peak current and tool diameter 
to maximum level the MRR has been increased. TWR increased at low peak current and pulse on time. SR value is 
minimum at low peak current with low Pulse on time. When peak current is increased with reducing of pulse on 
time keeping the tool diameter and dielectric pressure at middle level, SR value is minimum. Fig. 10-12 shows the 
parameter interaction using Sintered Copper electrode. MRR and TWR value has been increased to peak value when 
peak current and tool diameter are increased to maximum. At low pulse on time and higher tool diameter the TWR 
has been increased. At low peak current and low pulse on time SR value is minimum. If peak current and dielectric 
pressure are increased, the SR value is minimum by keeping pulse on time and tool diameter at middle level. 
    3.5.1Model Graph 
  
  Fig.1    Fig. 2    Fig. 3 
  
  Fig. 4        Fig. 5       Fig. 6 
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  Fig. 7     Fig. 8    Fig. 9 
  Fig. 10    Fig. 11     Fig. 12 
 
 
Table7. Optimization Table 
3.6 Optimization 
EDM is a valuable tool for making complex shaped parts which cannot be done by Cast machining. It is 
necessary to reduce the machining time in order to increase the production rate. It is very essential to optimize the 
input parameters to yield maximum MRR, minimum TWR and minimum SR. Sarvadatta et al. (2010)] optimize the 
parameter for EDM process using RSM and grey –taguchi method. In single objective optimization only one 
solution has been obtained. In multi objective optimization more than one response has been optimized. Gopala 
S.no Work 
piece 
Types of 
electrodes 
Input parameters  
   Peak 
current 
Pulse 
on 
time 
Di electric 
Pressure 
Tool 
Diameter 
MRR TWR SR 
(Amps) (Micro 
sec) 
(Kg/Cm2) (mm) (mm3/
min) 
(mm3/
min) 
(μm) 
1 EN-8 Cast Copper 
electrode 
12.7 334 1.6 12.75 77.4 10.99 2.81 
2 EN-8 Sintered 
Copper 
electrode 
20.4 877 1.5 15 79.03 10.42 3.31 
3 Die 
steel(D3) 
Cast Copper 
electrode 
33.03 574 0.8 15 136.1
1 
3.32 2.3 
4 Die 
steel(D3) 
Sintered 
Copper 
electrode 
34 904 1.5 15 70.59 15.12 2.85 
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kannan et al. (2012) optimizes the parameters using multi objective optimization techniques for Al/Al2O3 metal 
composites. 
 
While comparing  Cast and Sintered Copper electrodes for EN8 material, it has been observed for sintered 
copper electrode high Peak current, high Pulse on time, marginally low dielectric pressure and larger tool diameter 
yields maximum MRR and minimum TWR but marginally higher surface roughness. Similarly for D3 material 
using Cast Copper electrode marginally same value of peak current, lesser value of pulse on time, lesser value of 
dielectric pressure and equal diameter( maximum) yields maximum MRR, minimum  TWR and minimum value of 
SR compared with Sintered Copper electrode . 
 
3.7 Micrograph 
Fig 13 (a-d) represents the scanned electron microscope image of Cast and Sintered Copper electrodes after 
machining EN8 and D3 steel. It is observed from scanned electron microscope in EDM process, the  damage on the 
surface such as globles of the debris, melted drops and craters of varying in sizes and cracks which lead to get 
uneven surface for the electrodes. As the peak current and Pulse on time are increased, craters are in deeper. This is 
due to the fact that whenever peak current increases more intensely discharges which impinge on the surfaces, more 
quantity of molten and floating metal are suspended in the gap between tool and work pieces resulting in increase 
the Surface Roughness. Ahmet HaCalik et al. (2007) analyze the sem image of machined titanium alloy. Increase of 
peak current and increase on pulse on time, more amount of heat energy is transferred lead to more material 
removal. 
 
           
Fig.13 (a) D3- Cast Copper electrode           Fig. 13(b) D3 - Sintered Copper electrode 
           
Fig. 13(c) EN8- Cast Copper electrode                        Fig. 13(d) D3- Sintered Copper elctrode 
 
 
Crater 
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4. Conclusion 
1. The significant parameters have been identified from ANOVA Table. 
2. Coefficient of determinant (R2) value is above 0.90 for both materials. 
3. The predicted R2 value is reasonably agreement with Adj R2. 
4. The significance of interaction of parameters have been studied. 
5. It is noticed that, for EN-8 material mean value of MRR is high (72.4 mm3/min) and low TWR value 
(12.73mm3/min) for Cast electrode compared with Sintered electrode. Furthermore the SR value is 
marginally less for Sintered electrode compared with Cast electrode. 
6. Considering die steel (D3) which has been machined by Cast electrode,the mean value of MRR is high and  
TWR is low compared with Sintered electrode. The mean value for SR is marginally lower for Sintered 
electrode than that of Cast electrode. 
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